The double-ring chaperonin GroEL and its lid-like cochaperonin GroES form asymmetric complexes that, in the ATP-bound state, mediate productive folding in a hydrophilic, GroES-encapsulated chamber, the so-called cis cavity. Upon ATP hydrolysis within the cis ring, the asymmetric complex becomes able to accept non-native polypeptides and ATP in the open, trans ring. Here we have examined the structural basis for this allosteric switch in activity by cryo-EM and single-particle image processing. ATP hydrolysis does not change the conformation of the cis ring, but its effects are transmitted through an inter-ring contact and cause domain rotations in the mobile trans ring. These rigid-body movements in the trans ring lead to disruption of its intra-ring contacts, expansion of the entire ring and opening of both the nucleotide pocket and the substrate-binding domains, admitting ATP and new substrate protein.
Chaperonins are ubiquitous double-ring molecular machines that provide essential kinetic assistance to the folding of many proteins [1] [2] [3] [4] . Such assistance requires ATP, the binding of which is cooperative within a ring but negatively cooperative between rings 5, 6 . For the Escherichia coli chaperonin GroEL, ATP binding to the seven equatorial domains at the base of a ring mediates a rigid-body elevation of B101 and a counterclockwise twist of B251 of its apical domains, which enables binding of the lid-like cochaperonin GroES 7 . Such association induces a further 501 elevation and B1151 clockwise twisting of the apical domains, removing a hydrophobic, peptide-binding surface from the central cavity 8, 9 . This rearrangement alters the central cavity from predominantly hydrophobic to hydrophilic, effectively ejecting the polypeptide into a GroES-encapsulated chamber where folding commences 10 . The ATP-GroES-bound, folding-active complex is the longestlived state in the reaction cycle, with a lifetime dictated by the rate of ATP hydrolysis. ATP hydrolysis advances the assembly to a state in which, although still folding-active, it is weakened in affinity for GroES and thus prepared to discharge its ligands 11 . Ligand release is allosterically triggered by ATP binding in the opposite ring. ATP thus directs cycles of polypeptide folding and release from each ring alternately 12 . The ATPase rate has apparently evolved to strike a compromise between being slow enough to allow substrate proteins a trial at encapsulated folding and being fast enough to allow timely release of folded substrate proteins into the cell to accomplish work.
The fundamental conformational changes upon ATP hydrolysis that advance the GroEL-GroES machine through its cycle are poorly understood. The X-ray structure of GroEL-(ADP-AlF 3 ) 7 -GroES, a foldingactive state functionally emulating the ATP-bound state, appears identical to that of GroEL-ADP 7 -GroES 13 . The identical appearance of the GroES-bound (cis) ring is understandable, given that productive folding continues during the brief lifetime of the cis ADP complex (before its ligands are discharged by ATP binding in trans). However, the lack of structural difference outside the nucleotide pocket cannot explain the conversion of the trans ring from a state with low affinity for substrate polypeptide (while ATP is present in the cis ring) to one that is the normal acceptor state for polypeptide (with ADP in the cis ring). There is also no accounting for why the trans ring of a complex with ATP in cis has low affinity for nucleotides, whereas the trans ring of a complex with ADP in cis binds ATP. An earlier cryo-EM study revealed changes at the interface between the two rings upon ATP binding to GroEL, suggesting that the crystal contacts were inhibiting structural changes that normally attend nucleotide binding and hydrolysis 7 . To examine the structural effects of ATP hydrolysis in the full GroELGroES system, we used single-particle cryo-EM and image processing to resolve the ATP-and ADP-bound states of the complex at intermediate resolution. We observed domain rotations in the trans ring upon cis ATP hydrolysis. These rotations alter the inter-ring contacts connected to the nucleotide pockets of both rings, suggesting a mechanistic explanation for the functional actions of cis ATP hydrolysis.
RESULTS

Solution structures of GroEL-GroES complexes
To generate an ATP-bound complex that is stable on the time scale of a cryo-EM experiment, we used the D398A substitution in GroEL.
GroEL(D398A) has normal affinity for ATP but B2% of the wild-type ATPase activity 9, 11 . As ATP and GroES binding support productive folding, the mutant retains the ability to refold stringent protein substrates 12 . GroEL(D398A) has previously been used to characterize the GroEL-ATP 7 complex 7 . Here, the sample of GroEL(D398A) and GroES with ATP was markedly more heterogeneous than the one with ADP, with several clearly distinct types of GroE complex (Fig. 1) . Although the largest structural class corresponds to the asymmetric GroEL-GroES complexes reconstructed in this study (B70%), ATP binding weakens the GroEL ring-ring interface and promotes formation of single-ring GroEL (8%) or single-ring GroES complexes (3.5%) that occur extremely rarely with ADP (o1% total). In addition, symmetric GroEL-GroES 2 complexes (16%) are only found in the presence of ATP. Finally, B5% of GroEL particles are observed without bound GroES under both conditions. Shown in Figure 2a is the cryo-EM structure of GroEL(D398A)-ATP 7 -GroES at 7.7-Å resolution (0.5 Fourier shell correlation), from a final data set of B16,300 images. The cryo-EM map of GroEL-ADP 7 -GroES at 8.7-Å resolution (from B7,600 images) is shown in Figure 2b . A plot of the resolution curves for both maps is shown in Supplementary Figure 1 online.
Atomic structure fitting reveals domain movements Initial docking of either the GroEL-(ADP-AlF 3 ) 7 -GroES or GroEL-ADP 7 -GroES crystal structure as a single rigid body into our maps showed good fits for the cis (GroES-bound) ring but poor fitting of the trans (open) ring of either EM structure. We attributed these differences between the cryo-EM and X-ray structures to crystal lattice constraints in the X-ray-determined GroEL-GroES complexes, which pack in a head-to-tail arrangement with the GroES 'head' abutting into the open, trans ring of the adjacent complex in the crystal lattice ( Supplementary Fig. 2 online) . The cryo-EM structures were therefore analyzed by separating the subunits into their constituent domains and fitting them as seven rigid bodies (a GroES subunit and the GroEL apical, intermediate and equatorial domains for both cis and trans rings), taking account of the seven-fold symmetry, using URO 14 . Sections through the cryo-EM maps with the fitted atomic models are shown in Figure 2c ,d. a-helices are resolved as tubes and b-sheets as layers of density, although at this resolution the individual b-strands are not resolved. The quality of the cryo-EM maps and accuracy of fitting is demonstrated by the hole in the 10-kDa b-barrel of the GroES subunit (Fig. 3a) , by the identifiable helices, sheets and loops of the GroEL subunit (Fig. 3b) and by the a-helices in the equatorial domain (Fig. 3c) . Some disordered regions are present in the map of the ATP-bound state, especially the GroES mobile loops that bind GroEL, the trans-intermediate domains and the trans-apical helical hairpin (helices K and L). With the use of rigid-body fitting into the intermediate-resolution maps reported here, we are not modeling any local deformations. However, the excellent correspondence between the EM density and the domain atomic structures clearly supports previous observations that conformational changes in GroEL are achieved predominantly through rigid-body movements about hinge regions between the apical-intermediate and intermediateequatorial domains of GroEL.
Structural changes after ATP hydrolysis
Comparison of the fitted coordinates for the ATP-and ADP-bound GroEL-GroES complexes shows that the cis rings are almost identical but that differences exist in all three domains of the trans rings. The most striking change is found between the equatorial domains of the trans ring, where the main intra-ring contact, an intersubunit b-sheet interaction (residues 4-25, 37-51 and 519-523), is disrupted in the ADP-bound complex (Fig. 4a,b) . A sideways tilt of the trans equatorial domains (in the view of Figure 4c of the complexes) shears the interface between them, pulling apart the b-sheet contacts. Remarkably, the 5-Å interstrand distance in the ATP complex widens to 9-10 Å in the ADP-bound state (Fig. 4e ). This disruption of this intersubunit b-sheet interaction within the trans ring is also observed in a complex of GroEL with ADP and the GroES homolog gp31 (D.K.C. and H.R.S., unpublished data, and P. Bakkes (University of Groningen, Haren, The Netherlands), H. van Heerikhuizen (Vrije Universiteit, Amsterdam) and S. van der Vies (Vrije Universiteit), personal communication). These changes explain earlier biochemical results. For example, the observation that GroEL(C519S) partially dissociates into monomers in 5 mM ADP may be related to our observed effect in the ADP complex 15 .
The origin and consequences of this distortion of the trans ring become apparent when the inter-ring interface and trans ring are examined as a unit. In Figure 5 , a central slice through this region is shown with some key elements highlighted. In the ATP-bound state (Fig. 5a) , the D helices (purple) of the two rings are offset, as evidenced by the separation of opposing Ala109 residues (purple spheres). In the ADP-bound state (Fig. 5b) , the trans equatorial domains pivot about the fixed Glu461 contact (gold and orange spheres) so that the D helices (light blue) come more into alignment, as evidenced by the closer approach of Ala109 residues. This rotation pulls apart the b-strand contact (green). The two complexes are overlaid in Figure 5c , and the interface, contact and substrate-binding sites are enlarged in separate panels. The trans apical cavity opens in a jaw-like movement after ATP hydrolysis. The movements are most clearly illustrated by side-and end-view movies of the two states in alternation (Supplementary Videos 1 and 2, respectively, online).
DISCUSSION
Routes of allosteric transmission
These observations permit a more complete description of the GroEL allosteric cycle. Figure 3 Quality of EM maps and atomic structure fitting. (a) A section through the atomic coordinates for GroES fitted into the EM-derived electron density of GroEL-ATP 7 -GroES. The hole in the b-barrel that forms the body of the 10-kDa subunit is clearly resolved. (b) A section through a single GroEL subunit in the cis (GroES-bound) ring with ADP-AlF 3 in the nucleotide-binding site shown in CPK-color space-filling mode. Although small regions corresponding to loops are not well resolved, the length and orientation of all secondary structure elements fit the EM density extremely well, regardless of their distance from the seven-fold axis (which is vertical and in the plane of the figure) . (c) A section through the equatorial domains of the cis ring, perpendicular to the seven-fold axis. The helical segments of the equatorial domain are clearly resolved. In all panels, the EM-derived electron density for the GroEL-ATP 7 -GroES complex is contoured as a semitransparent gold surface. elements in allosteric transmission through the GroEL ATPase cycle. In unliganded GroEL (Fig. 6a) 16 , the D helices (gold) are in close contact at the inter-ring interface and the substrate-binding sites (gray surfaces) line the central cavity. The intra-ring contacts are formed by the b-sheet interaction between adjacent equatorial domains, shown in the trans ring (magenta and blue strands). After ATP binding 7 (Fig. 6b) , the inter-ring interface is weakened. The substrate-binding sites are partly removed from the cavity by a counterclockwise twist of the apical domains. Upon GroES binding (Fig. 6c) , a tilt of the cis equatorial domains weakens the inter-ring contact at Ala109 (see also Supplementary Fig. 3 online) . The weakened interface is consistent with the presence of single rings in the GroES and ATP-bound sample (Fig. 1) . Furthermore, the trans ring becomes more closed (bold curved arrows). ATP hydrolysis and formation of the ADP-GroES-bound state (Fig. 6d) cause a rotation of the trans equatorial domain, bringing helix D in trans more into alignment with its counterpart in cis and thus retightening the Ala109 inter-ring contact. An additional consequence of this domain movement is the disruption of the intra-ring b-sheet contact (magenta and blue) between adjacent trans equatorial domains, leading to an expansion of the whole trans ring. The expanded and slightly less twisted apical domains (bold curved arrows) then provide the new acceptor state for polypeptide substrate in trans 12 .
Finally, ATP binding in trans to GroEL-ADP 7 -GroES forms the transient GroES-ADP 7 -GroEL-ATP 7 complex, from which the cis ligands are discharged 12 . We previously examined this transient complex by rapid mixing of GroEL-ADP 7 -GroES complexes with ATP in the presence of single-ring GroEL to trap any released GroES, preventing such molecules from rebinding to the ATP-bound trans ring. That work yielded a low-resolution map 7 . Reexamination of atomic structure fitting to this complex allows us to conclude that it is very similar to the GroEL-ATP 7 -GroES complex. In particular, the expansion and strand separation of the trans ring seen in the GroEL-ADP 7 -GroES precursor are reversed upon ATP binding in trans (Fig. 6e) . This ATP-driven switching of the trans ring back to the closed state must be the trigger that ejects the ligands from the cis ring. The cis ring movements involved in this ejection step remain to be observed. With respect to substrate binding in the open trans ring, movements of the trans apical domains are crucial to determining when the trans ring becomes an acceptor for new substrate 12 . In the GroEL-ATP 7 -GroES complex, the trans apical ring is twisted and closed, so that the hydrophobic binding sites for non-native proteins are poorly accessible. In the ADP-bound structure, the trans apical domains are shifted radially outward and are 51 less twisted, resulting in a central binding cavity that is B15 Å larger in diameter (Supplementary Video 2) , consistent with the formation of the substrate-acceptor state.
Proposed relay helix mechanism
Helix D (residues 89-109) runs from the ATP-binding site at the top of the rigid equatorial domain, through the body of the domain, to the inter-ring interface, where Ala109, Lys105 and Glu434 form a contact with the equivalent residues in a subunit from the equatorial domain of the opposite ring ( Supplementary Fig. 3 ). This provides a mechanism for direct communication from each of the cis nucleotide-binding pockets, through the ring interface, to the trans nucleotide-binding sites 7, 8, 17 . We therefore term it the relay helix, in analogy to the relay helix in myosin and kinesin motor proteins, although there is no structural homology aside from the presence of a nucleotide-binding site P-loop at the N-terminus of the relay helix 18 . In these motor proteins, the relay helix is proposed to exert mechanical force to produce further conformational changes.
For GroEL, we propose that the allosteric signals are transmitted electrostatically by the relay-helix dipoles. After ATP and GroES binding, the cis ring is held in a more restricted conformation, but the trans ring is more mobile. It seems likely that the reduction of negative charge in the cis ring binding sites upon hydrolysis of ATP to ADP changes the balance of electrostatic forces at the ring-ring interface, where the opposing relay-helix dipoles meet. As the equatorial domains in the trans ring are less constrained, changes in the electrostatic forces that alter the alignment between the opposing helices would cause the trans equatorial domains to tilt. This change in tilt is propagated through the trans ring.
Subsequent ATP binding in trans reverses the conformational changes in the trans ring, tending to reverse the change in the interring contacts. In this transient ADP-ATP-occupied state, the trans ring must exert a force on the cis ring to revert it to the unliganded state and eject GroES and ligands from the folding chamber. Therefore, the distorted conformation of the trans ring of the ADP complex is poised to accept new substrate and ATP and to take over as the allosteric regulator of the cis ring. Such a mechanism ensures that GroES binding is not reversed during the folding step; rather, it always binds strongly and its release must be triggered through electrostatic communication by ATP binding in trans.
METHODS
Proteins and reagents. GroEL(D398A), wild-type GroEL and GroES were prepared as described previously 10, 11 . All EM experiments were carried out in a standard buffer containing 12.5 mM HEPES (pH 7.5), 5 mM KCl and 5 mM MgCl 2 . All buffers and reagents were from Sigma.
Specimen preparation and EM data collection. Grids with holey carbon films were prepared and vitrified by standard methods 19 . For GroEL-ATP 7 -GroES, a solution containing 1 mM GroEL(D398A), 0.9 mM GroES and 100 mM ATP was frozen within B10 s of ATP addition. All images were collected using an FEI-TF20 microscope and Gatan-626 cryo-transfer holder. Micrographs were recorded on Kodak SO-163 film at Â50,000 magnification, with 0.1 s pre-exposure, 0.2 s pause and 1 s exposure. The total accumulated dose was B15 e -Å -2 .
Image processing. Images were digitized using a Z/I-Imaging Photoscan-TD microdensitometer (7-mm step, 1.4 Å pixel -1 ). Defocus and astigmatism were determined using CTFFIND3 (ref. 20) . Micrographs with noticeable drift or astigmatism were discarded. Particles were interactively selected using GroES. At the lower resolution to which this state was captured (EMDB entry 1046) 7 , the conformation appears the same as the GroEL-ATP 7 -GroES state. The trans ring contracts and the intra-ring contact is reestablished. 23 . GroEL-GroES complexes were extracted from both ATP and ADP data sets using a simple sorting protocol in which a single side projection was generated from the crystal structure of the ADPbound state 9 (PDB entry 1AON). All images were then iteratively aligned to a Fourier-filtered (midpoint 35 Å ) version of this side view.
A preliminary classification using multivariate statistical analysis in IMAGIC 24 confirmed the expected heterogeneity in the samples. To partition the images into their respective structural classes, further alignment was undertaken using six references (corresponding to a GroE end view, GroEL-GroES 2 , GroEL-GroES, GroEL, single-ring GroEL and single-ring GroEL-GroES), derived from the classification of the entire data set. Reclassification revealed no obviously misaligned or out-of-register images.
Images corresponding to the GroEL-ATP 7 -GroES and GroEL-ADP 7 -GroES complexes were refined by a projection matching protocol derived from that previously described 7, 8, 25 . We generated 155 reference views, corresponding to sets of azimuthal rotations around the seven-fold axis, with the seven-fold axis tipped progressively out of the image plane (maximum tip 12.861). The crystal structure of GroEL-ADP 7 -GroES, filtered to 35 Å , was used as a starting model for both data sets. (The same results were obtained with a starting model derived from the image data by angular reconstitution.) After multireference alignment, the resulting aligned image data set was tightly masked and classified by multivariate statistical analysis, creating a large number of small classes (with about three or four images per class). With sufficient data, such classes contain images corresponding to the same molecular view, and the averaging provides improved signal-to-noise ratios. The corresponding classes were created in SPIDER and aligned to the original set of reference views. The final orientation (for each refinement round) of each class was determined by a local angular search (± B1.21). Finally, images belonging to each unique orientation were combined into a single average for calculation of the reconstruction. Refinement parameters for both data sets are listed in Table 1 .
Three-dimensional reconstruction. In later rounds of refinement, tight masking of each input view was used before calculation of the threedimensional reconstruction (using the SPIDER command BP RP). To achieve this, a three-dimensional mask was derived from the three-dimensional model calculated in the previous round of refinement and projected at the orientation of each input view to provide a set of specific two-dimensional masks. Full amplitude and phase contrast transfer function correction was incorporated into the final maps 7 , which were also sharpened by suppression of lowfrequency components. A smooth band-pass filter was applied to the maps to give 90% reduction of amplitudes at a resolution lower than 14 Å and zeroing of amplitudes beyond 6 Å . Refinement statistics for both structure determinations are given in Table 1 . All structure figures were created with PyMOL (http://www.pymol.org).
Atomic structure fitting. Atomic coordinates for GroEL-(ADP-AlF 3 ) 7 -GroES (PDB entry 1PCQ) or GroEL-ADP 7 -GroES (PDB entry 1AON) were fitted into the ATP-and ADP-bound cryo-EM maps, respectively, as seven independent rigid-body domains, using URO (see Fig. 2 legend) 14 . For this study, we have refined the fitting of GroEL(D398A)-ATP 7 (EMDB entry 1047) 7 on the basis of comparisons with the new structures determined here. A 4% reduction in map scale and improved atomic structure fitting with URO 14 shows domain movements that are qualitatively the same as originally reported.
Accession codes. Protein Data Bank: Coordinates have been deposited with accession codes 2C7C and 2C7D (GroEL-ATP 7 -GroES and GroEL-ADP 7 -GroES, respectively, with hinges rejoined and after energy minimization in AMBER 26 ); refitted coordinates corresponding to GroEL-ATP 7 (PDB entry 1GR6) have been deposited with accession code 2C7E. EM Data Bank: EM maps for GroEL-ATP 7 -GroES and GroEL-ADP 7 -GroES have been deposited with accession codes 1180 and 1181, respectively. Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
